The objective of this study was to clarify the unsteady characteristics of the fluid forces acting on limbs during swimming. For this objective, an underwater robot arm was developed in this paper. The robot arm has five degrees-of-freedom in order to perform the various complicated limb motions during swimming. In addition, by changing the hand replica into the foot one, the robot also can perform the lower limb motions. The joint torques and the resultant thrust can be measured by the force sensors attached to the robot. In a circulating water tank, an experiment to measure the fluid forces was conducted for four swimming strokes of the upper and lower limbs. From the experiment, it was found that even the slight difference of the fluid forces between slightly different swimming motions can be quantified by the developed experimental system. In addition, it was suggested that 'nipping' the water by both lower limbs during the kick of the breaststroke almost does not affect thrust generation. The developed experimental system with the robot arm is useful not only for measuring the unsteady fluid forces, but also for flow visualization in future studies.
Introduction
The characteristics of thrust in swimming, which are generated by fluid forces acting on limbs, have not been sufficiently clarified yet despite their importance. This is because the human limbs have a complicated shape and their motion is unsteady, which results in strong unsteadiness with respect to the generated fluid forces. For example, the hand path in the crawl stroke depicts a distorted ellipse when viewed from the side in the absolute space (1) , showing that the hand does not push the water straight at a constant depth. From this viewpoint, many attempts were made recently to quantify the unsteady fluid forces acting on limbs in swimming. The first approach was to measure it during swimming by attaching measuring devices directly to a swimmer. For example, Takagi et al. (2) attached pressure sensors to a swimmer's hand and estimated the fluid forces acting on the hand in swimming motion from the relationship between the fluid forces and the pressure distribution which were obtained in advance by an experiment using a wind tunnel. Although this was an excellent idea, it still seems controversial whether the relationship between the pressure sensors and the fluid forces is also valid for the strongly unsteady swimming motion, since that relationship was obtained in a wind tunnel a steady flow. With respect to a method to measure the thrust by attaching a towing device to a swimmer, it became a problem that the situation in the experiment was different from actual free swimming, since the swimmer towed some additional device. In addition to these, it is impossible, both technically and ethically, to implant a force sensor such as a load cell into a swimmer. Therefore, it has been concluded to be difficult to measure directly the unsteady fluid forces acting on limbs in the present situation.
The second approach was using CFD (Computational Fluid Dynamics). Bixler et al. (3) , Rouboa et al. (4) , and Sato et al. (5) constructed computational models of a hand and forearm, and calculated the fluid forces by CFD. Keys et al. (6) constructed a whole body model and conducted an analysis of the dolphin kick. Such approaches are greatly effective to clarify the mechanism of thrust generation since it has a great advantage of displaying the whole flow field due to solving the flow around the swimmer. However, this approach still needs experimental validation of the obtained unsteady fluid force, since it is only a simulation.
The third approach was an experiment using a (physical) model instead of a swimmer. It is generally possible to attach sensors to a model and even implant them into the model. It is also easy to have the model perform the same motion repeatedly if the model is mechanically driven like a robot. In previous studies, Pai (7) and Kudo et al. (8) respectively had a cylinder and a model imitating a hand and forearm perform a 1 DOF (degree-of-freedom) rotating motion, and measured the unsteady fluid forces acting on them. The authors' group also measured the unsteady forces for a limb model which performed a 1 DOF flapping motion in order to determine the fluid force coefficients of the fluid force model in the proposition of the swimming human simulation model SWUM (9) (10) . Sidelnik et al. (11) recently made a motor-driven arm model which could perform a 2 DOF motion, and measured the fluid forces in the unsteady condition. Although such a lot of measuring experiments using physical models have been conducted to date, the DOF of the models in those experiments were only one for most of them, or two in the experiment by Sidelnik et al. However, an upper limb in the swimming motion, for example, has at least 5 DOF (three for the shoulder and two for the elbow) even if the motion of scapula and DOF of the wrist joint, whose range of motion is relatively small, are neglected. Therefore, the experiments using a physical model to date were not sufficient in order to clarify the fluid forces acting on limbs.
The objective of this study was to clarify the unsteady characteristics of the fluid forces acting on limbs during swimming by conducting experiments using an underwater robot arm which has 5 joint DOF and can perform the swimming motion much more similar to that of a human than previous studies. As the first step of this research objective, the objectives in this paper were to develop an underwater robot arm, conduct an experiment to measure the unsteady fluid forces, and obtain significant measurement results for various swimming motions of the upper and lower limbs.
Underwater Robot Arm

Specifications of mechanism
The present underwater robot arm was developed by the authors and Akishima laboratory, Mitsui Zosen Inc. The schematic view and a photograph of the robot arm are shown in Fig. 1 . The robot arm consists of the trunk, shoulder, upper arm, forearm and hand (here the robot arm is described as the upper limb, although it can perform motions of both upper and lower limbs). The shoulder part performs the rotation on the A-axis (Flapping) which is fixed to the trunk part. The upper arm part performs 2DOF rotations, which are the rotation on the B-axis (Rowing) which is fixed to the shoulder part, and the twisting rotation (Feathering). These 3 DOF are driven by three motors (output: 50W) housed in the trunk part. The forearm part performs the flexion/extension and pronation/supination of the elbow. The flexion/extension and pronation/supination are respectively driven by the motors (outputs: 20W and 9W) housed in the upper arm and forearm. The swimming motion is reproduced by combinations of these 5 DOF. Note that the present robot does not have a DOF for the wrist/ankle. This is because the effect of this DOF was considered to be smaller than the other joints and because of the structural limitations. Tri-axis moment sensors using strain gauges were installed in the root parts of the upper arm, forearm and hand, and they measured the moments at the places which correspond to the shoulder, elbow, and wrist of a human. A dynamometer was installed at the top of the trunk, by which the load acting on the whole robot arm was measured.
The dimensions of the robot arm were determined based on the body geometry of the average Japanese (12) . The ratio of the lengths of the upper arm and forearm was determined as an intermediate value between that of the upper arm and forearm and that of the thigh and shank of the body geometry of the average Japanese. This aimed to imitate both features of the upper and lower limbs. The size and weight of the upper arm and forearm are shown in Table 1 . When the lower limb motion was performed, an attachment, which imitated the thigh and was made of urethane foam, was installed at the upper limb so that the ratio of diameters of the upper arm (corresponding to the thigh) and forearm (corresponding to the shank) became the same as that of the average Japanese. The appearance of the attachment simulating the thigh is shown in Fig. 2 . The attachment was not installed for the upper arm, forearm and shank. This was because the ratios of difference, which was defined as the difference between the longest and shortest diameters divided by the length for each part of the body, were smaller for the upper arm (0.014), forearm (0.035) and shank (0.070), compared to the thigh (0.091). Therefore, it was not considered to induce a serious problem to represent them as simple cylinders without any attachment. The hand part was designed to be exchangeable. The hand and foot replicas were mounted for performing the motions of the upper and lower limbs, respectively. The photographs and the size of the replicas are shown in Fig. 3 and Table 2 , respectively. Just the same as the size of the upper arm and forearm, the size of the hand replicas were determined so that two ratios, that is, ratio of the upper arm, forearm and hand and the ratio of the thigh, shank and foot, became equivalent to those of the average Japanese body geometry. Four hand/foot replicas were made: the right hand for the crawl, breaststroke and butterfly, the left hand for the backstroke, the plantarflexed (ankle joint is extended) foot for the crawl, backstroke and butterfly, and the dorsiflexed (ankle joint is flexed) foot for the breaststroke. As the materials of the replicas, polyurethane resin (specific gravity: 1.04) for the surface and hard-type urethane foam (foaming ratio: 20) for the inside were used respectively.
Measurement and control system
The setup of the measurement and control system is shown in Fig. 4 . The sampling frequency, both for the measurement and control, are 200Hz. The swimming motion is arbitrarily programmable due to the computer control. If the joint angles of all the joints for a one stroke cycle as input data of the swimming motion are given in the CSV format, the system automatically creates the reference angle data for the control, by creating the motion data for the start and stop, and conducting interpolation with time to adjust data to the sampling frequency. When driving, the reference angle data are input into the servo motors after the D/A conversion. The data for 16 channels, which consist of 5ch for the joint angles as the motion data, 8ch for the tri-axis moments of the joints and 3ch for the forces as the load data, were measured. These data were output in the CSV format after the A/D conversion. Note that the moment of the direction of rotation at the wrist was not measured since it was considered to be small.
Measuring Experiment of Unsteady Fluid Forces
Experimental setup
The experiment was carried out using a vertically circulating water tank for a ship experiment in Mitsuizosen Akishima Laboratory. The size of the measurement area is 5.5m in length, 2.0m in width and 1.2m in depth. The flow velocity is changeable in the range from 0.2m/s to 2.5m/s. In the measurement, the robot arm as well as the dynamometer were hanged from the carriage on the top of the water tank. By the dynamometer, forces in the directions perpendicular and vertical to the flow in the horizontal plane, as well as the moment about the vertical axis, were measured. The fixing method of the robot arm is shown in Fig. 5 . The carriage and dynamometer were connected by a shaft, which was pressed to the fixing block by the tension belt in order to avoid unnecessary vibration. A waterproofed dynamometer was mounted on the top of the body part of the robot. Two direction settings for the cases of the upper and lower limbs are shown in Fig. 6 . The robot arm was fixed so that the arm became forward in the case of upper limb and the arm (leg) became backward in the case of lower limb. The four strokes (crawl, back, breast and butterfly) were performed as the upper and lower limb motions in the experiment. For the upper limb of the crawl, two kinds of strokes, that is, the 'S-shaped stroke' in which the hand stroke became an S-shaped curve, as well as the 'I-shaped stroke' in which the hand stroke became relatively a straight line, were carried out. For the lower limb of the breaststroke, the normal setting shown in Fig. 7(a) as well as the setting with a sufficiently large board fixed in the swimmer's sagittal plane, as shown in Fig. 7(b) , were conducted in order to investigate the effect of sandwiching the water between the two legs. The latter setting was aimed to simulate the situation in which there was a leg on the opposite side of the board and the flow was symmetrical, based on the theory of the effect of mirror imaging. The joint angles for one cycle, stroke cycle, mounting height of the robot arm, and the flow velocity were given as the experimental condition for each trial. The stroke cycle and flow speed of all trials are shown in Table 3 . The joint angles for one stroke cycle were determined using the swimming human simulation software "Swumsuit" (14) (15) , which was developed by the authors. And they were determined based on the movies of the model swimming (13) , which were created under the supervision of the Japan Swimming Federation and open to the public as image materials for educational purposes. The mounting heights of the robot arm were determined by visual confirmation so that the timings of the entry into the water and out from the water were as consistent as possible with the model swimming. The mounting heights are shown in Table 6 Two direction settings 3. For example, the height of +40mm means that the top surface of the body part of the robot arm was 40mm higher than the water surface. This corresponds to the situation in which the height of the shoulder joint was almost equal to the water surface. Before each trial, the loads and moments were first measured in the condition that the arm became parallel to the flow. The loads and moments in this condition were deducted from those in each trial, that is, those loads and moments were used as 'zero points'. Since the velocities in the propulsive direction during swimming in one stroke were regarded to be constant, the flow velocities were determined so that the normalized stroke length, which represented the advancing distance divided by the swimmer's stature, became as consistent as possible with those in the movie of the model swimming. Note that the velocities of the swimming motions performed by the robot in the present study were 3 to 5 times slower than the actual movies, and 4 to 7 times slower than full-strength swimming since the movies of the model swimming were not taken for the full-strength. The reason for this was the limitation of the output power and rigidity of the mechanisms of the robot. In general, this difference of the velocities affects the fluid force characteristics as the difference of the Reynolds number Re in the water. However, Re was 2 to 5 × 10 4 in the present study and 1.4 to 2 × 10 5 in the full-strength swimming. It is generally known that, in these ranges of Re, the flow field around a body similar to the human limb, such as a cylinder and plate accompanying a large separated region, does not change significantly according to the change in Re, and therefore the fluid force characteristics also do not change much (16) . Therefore, it will not become a serious problem to apply the fluid force characteristics obtained in the present experiment to the high speed conditions of the full-strength swimming.
Experimental conditions
Experimental results and discussion
As an example of the angles of the motors, those of the S-stroke crawl for a one stroke cycle are shown in Fig. 8 . The ordinates represent the angle, and abscissas represent the nondimensional time, t, normalized by the stroke cycle. The solid lines represent the command angle, and the dotted lines represent the measured angles. Although the maximum error (about 10 degrees) can be seen in the elbow flexion/extension, the overall tracking performance was satisfactory. Since similar results were found in the other trials, it was confirmed that the desired multiple degrees-of-freedom motions were realized by the present robot arm and its control system. The movement of the S-shaped crawl stroke for one cycle photographed from the diagonal top is shown in Fig. 9 . The movement of the I-shaped crawl for underwater stroking is shown in Fig. 10 . Both for the S-shaped and I-shaped strokes, the arm was moved to the bottom of the tank during t = 0.8 to 0.9, the depth of the hand became deepest at around t = 0.9, and the arm was raised to near the water surface during t = 0.9 to 1.0. That is, it was found that the pulling the water during t = 0.8 to 0.9 and the pushing the water during t = 0.9 to 1.0 were performed. Next, the measurement results of the forces and moments are shown. The coordinate system of the dynamometer and those of the moment sensors are shown in Fig. 11 and Fig. 12 , respectively. The measured forces and moments for the S-shaped and I-shaped crawl strokes for one cycle are shown in Fig. 13 . All the Crawl-S Crawl-I following results were averaged for five cycles and low pass filtered with the cut-off frequency of 8Hz. The results of dynamometer, moment sensors of the shoulder, elbow and wrist are shown in Fig. 13(a) , (b), (c) and (d), respectively. Paying attention to the pull and push motions during t = 0.8 to 1.0, it was found that maximum thrusts of about 50N for the S-shaped and 30N for I-shaped were produced, as shown in Fig. 13 (a)(i). Since these values were at the same level as those for the crawl stroke obtained in the experiment by Takagi et al., the significance and validity of the measured results were confirmed. Paying attention to the measured results of the moments, the characteristics of the S-shaped and I-shaped strokes were different from each other, especially for the pull and push motions. This suggests that the difference of the moments due to the difference of the swimming motion can be quantified by the present experimental system. The locus of the hand tip in x-z plane (side view) and the velocity of the hand tip in x direction are shown in Fig.13(e ) and (f), respectively. Note that these locus and velocity are relative to the water (the flow velocity was subtracted from the absolute ones). Since these locus and velocity were not directly measured, they were calculated from the joint angles of the robot arm using the geometrical shape (lengths of the links) of the robot arm. The recovery (t = 0.05 to 0.4), entry and stretch (0.4 to 0.75), pull and push (0.75 to 1.05) phases are clearly shown in these figures. Also, it was found that the timings of the peaks of the hand tip velocity in the x direction for the S and I-shaped strokes (t = 0.9 to 1.0 and t = 0.85 to 0.9, respectively) shown in Fig.13 (f) correspond to those of the thrust shown in Fig.13 (a)(i). In order to discuss the relationship between the motion and the fluid force in more detail, the modeling of the fluid forces considering all the information of motion (not only the locus and velocity but also the acceleration and direction in the three-dimensional space for all parts of the robot arm) will be necessary. Such further discussion will be conducted in our next report. However, in this paper, it was shown that the experimental results which are necessary for such discussion could be obtained by our developed experimental system.
The movement of the robot arm for the breaststroke upper limb and the results of F x for one stroke measured by the dynamometer are shown in Fig. 14 and Fig. 15 , respectively. It was found that the positive thrust was produced by the pull motion at t = 0.3 to 0.4 and the negative thrust was produced by the recovery motion at t = 0.4 to 0.6. In particular, the largest negative thrust was produced at the switching moment (around t = 0.4) from the pull motion to the recovery. The reason for this was that the recovery motion became somewhat unnatural due to the limitation of the range of the joint angles of the robot arm. However, it will not cause a serious problem as long as the underwater stroking motion to obtain the thrust is the main target of the study. The movement of the robot arm for the backstroke upper limb, which was photographed from the side of the tank, and the results of F x for one stroke measured by the dynamometer are shown in Fig. 16 and Fig. 17 , respectively. It was found that the maximum thrust of 15 to 20N by the pull motion at t = 0.2 to 0.3 and by the push motion at t = 0.3 to 0.4.
The movement of the robot arm for the crawl lower limb (flutter kick), and the results of F x for one stroke measured by the dynamometer and M Y at the hip joint (which corresponds to the shoulder in the upper limb case) are shown in Fig. 18 and Fig. 19 , respectively. Since this is the six beat crawl, in which the both legs kick six times in one cycle, one leg kicks three times in one cycle. It was found that, in the range of t = 0.2 to 0.5, large negative and positive moments of M Y were respectively produced when t = 0.3 during the up kick and when t = 0.4 during the down kick, while the thrust F x was almost not produced by the kick. Although thrust is produced by the flutter kick in actual swimming, it was not produced in the present experiment. One possible reason for this is that the plantarflexion/dorsiflexion of the ankle in the flutter kick was not reproduced since there was not a degree-of-freedom in the ankle joint of the present robot arm. In order to examine the thrust by the flutter kick in more detail, it will be necessary to add the degree-of-freedom to the ankle of the robot arm. Note that the frequencies of the high-frequency components for F x and M Y were different from each other. The amplitude of the high-frequency component of F x became large when the leg motion switched from downward to upward (t = 0.2 and 0.5) and when it switched from upward to downward (t = 0.3 and 0.6). Since the load of the motors became high at these moments, a possible source of the high-frequency component could be mechanical vibration. The reason for the high-frequency component of M Y , on the other hand, was considered to be the natural vibration frequency of the motor control system. Therefore, there is still room for improvement of the control method.
Finally, the results of the lower limb of the breaststroke are shown. The movement of the normal condition is shown in Fig. 20 . The results of F x by the dynamometer for one cycle in the normal condition and with the board are shown in Fig. 21 . It was found that negative thrust was produced when the leg was pulled (t = 0.6 to 0.7) and positive thrust was produced when the kicking was performed (t = 0.7 to 0.8). No significant difference of the thrust could not been observed between the normal condition and with the board. This suggests that 'sandwiching' the water by both legs almost does not affect the thrust in the lower limbs of the breaststroke.
Conclusions
In this study, a robot arm which had five degrees-of-freedom and could perform the swimming motion similar to a human was developed in order to clarify the unsteady fluid forces acting on the limbs during swimming. An experiment to measure the fluid force using the developed robot arm was conducted. The results of the measurement were shown for upper and lower limbs of the four strokes, and it was found that they can be utilized for our next study, in which the detailed discussion will be conducted using the modeling of the fluid forces. It was found that sandwiching the water by the both legs almost does not affect the thrust in the lower limbs of the breaststroke.
The present robot arm can be utilized for the measurements of fluid forces not only in the four strokes presented in this paper, but also in various aquatic motions, such as sculling and walking in water. In addition, the robot can repeat the exactly same motion as well as can change the designated joint angle very slightly. These particular merits can not be realized in experiments using a human. Therefore, not only for the measurement of fluid forces, various applications, such as experiments of flow visualization will be possible.
